Background: Loss of Krev-interaction trapped 1 (KRIT1) drives the activation of endothelial cells. Results: Blocking vascular endothelial growth factor (VEGF) signaling reverses the endothelial cell changes after KRIT1 depletion and permeability in KRIT1-deficient mice. Conclusion: Increased VEGF signaling downstream of KRIT1 loss alters endothelial cell behavior and is responsible for permeability in vivo. Significance: These studies describe a novel regulation of endothelial barrier function by KRIT1.
Endothelial cell-cell contact is a tightly regulated feature of endothelial monolayers and is in itself a key regulator of endothelial behavior and vascular homeostasis (1) . The importance of maintaining endothelial cell-cell contact within a finite yet plastic range is reflected in the ubiquitous nature of permeability defects in vascular diseases, including atherosclerosis, chronic inflammatory disease, and pulmonary edema (2) (3) (4) (5) . In addition, increased vascular permeability correlates with neo-angiogenesis, particularly in injured tissues (6) and in hereditary/developmental vascular malformations such as hereditary hemorrhagic telangiectasia and hereditary small vessel disease (7, 8) . Despite the clear preva-lence of endothelial cell-cell contact defects in vascular disease, it is still unclear how these defects are translated into disease pathogenesis.
Cerebral cavernous malformation (CCM) 2 is a relatively common neurovascular disease marked by focal areas of dilated, leaky microvessels, abnormal basement membrane, and a lack of smooth muscle cells (9) . This disease is commonly caused by loss of one of three genes, Krev-interaction trapped 1 (Krit1) (10) , cerebral cavernous malformations 2 (Ccm2) (11) , and programmed cell death 10 (Pdcd10) (12) . Of these we have shown that KRIT1 is an important regulator of endothelial cellcell junctions (13) . Heterozygous loss of KRIT1 drives the normally stable, quiescent endothelium toward an active, disrupted state marked by lost barrier function, increased stress fiber formation, and loss of adherens junction integrity both in vitro (13, 14) and in vivo (15, 16) . We previously showed that KRIT1 is a component of the adherens junction complex, where it functions downstream of Rap1 GTPase to stabilize the interaction of VE-cadherin and ␤-catenin (13) . Loss of KRIT1 triggers a loss of ␤-catenin from sites of cell-cell contact, leading to both loss of VE-cadherin adhesion and increased nuclear ␤-catenin (14) . Although the destabilization of cell-cell contacts can be extrapolated to explain the observed changes in endothelial behavior after loss of KRIT1, the exact mechanisms that underlie these changes remain unclear.
Previously we demonstrated that knockdown of KRIT1 in endothelial cells increases nuclear ␤-catenin localization and activation of ␤-catenin-dependent transcription (14) . ␤-Catenin is a key regulator of vascular endothelial growth factor (VEGF) expression (17) , a major regulator of vascular homeostasis. Correspondingly, KRIT1 depletion increased Vegfa mRNA and also increased serum levels of VEGF-A in Krit1 ϩ/Ϫ mice (14, 15) . Predicting the contribution of VEGF overexpression to CCM pathogenesis is difficult as VEGF overexpression in transgenic mice exhibits tissue-or cell type-dependent phenotypic variability. However, increased vessel density and endothelial barrier disruption are common outcomes (18 -21) . Some VEGF overexpression models also demonstrate altered basement membrane composition and vessel lumen enlargement, which have also been reported in CCM (19, 21) . Nevertheless, mice overexpressing VEGF have not been reported to develop CCM-like vascular lesions. These data suggest that increased VEGF expression is unlikely to be the sole cause of CCM formation, yet the correlation between VEGF overexpression and the corresponding endothelial and vascular changes after KRIT1 reduction in vitro and in vivo strongly support examination of the signaling interplay between KRIT1 and VEGF. Thus, the goal of the present study was to investigate whether VEGF signaling contributes to KRIT1 depletion-dependent phenotypes and, if so, to examine the underlying mechanism. This information would improve our understanding of the role of KRIT1 in the endothelium and provide new insights into vascular homeostasis and CCM development.
EXPERIMENTAL PROCEDURES
Cell Culture and Transfection-HPAEC (Invitrogen) were cultured in 1:1 Dulbecco's modified Eagle's medium (DMEM): F-12 supplemented with 5% fetal bovine serum (FBS), 1% endothelial cell growth supplement (ECGS, ScienCell, Carlsbad, CA), 1% antimycotic/antibiotic solution (Invitrogen), and 50 M heparin (Calbiochem) at 37°C with 5% CO 2 . HPAEC were grown on 2 g/cm 2 gelatin-coated tissue culture plates and only passage 3 to passage 6 were used in experiments. Bovine aortic endothelial cells (BAEC, a gift from A. Smrcka, University of Rochester) and wild type (WT), Krit1 knock-out (Ϫ/Ϫ), and reconstituted (9/6) mouse embryonic fibroblasts (MEFs; a gift from F. Retta, University of Sienna) were cultured in DMEM high glucose with 10% FBS, 1% penicillin/streptomycin/L-glutamine, and 1% nonessential amino acids (Invitrogen) at 37°C with 5% CO 2 . BAEC and HPAEC were transfected with 30 ng of siRNA using the HiPerfect transfection reagent (Qiagen, Valencia, CA) as reported previously (13) . Alternatively, HPAEC were transfected with siRNA using siPort Amine (Ambion/Invitrogen) according to the manufacturer's instructions. Transfection efficiencies ranged from 80 to 95% based on transfection of fluorescently labeled siRNAs (data not shown). Activity of this anti-KRIT1 siRNA against bovine and human protein has been reported previously (13) . Co-transfection of siRNA and cDNA was performed using Amaxa nucleofection (Lonza, Basel, Switzerland) as previously described (14) . KRIT1 siRNA-conditioned media were harvested from KRIT1 siRNA-transfected HPAE 24h after transfection and spun briefly. Clarified conditioned media was added directly to cultures of negative control (NC) siRNA-transfected cells and incubated at 37°C for the indicated times. Recombinant human VEGF and VEGFR2/Fc were obtained from R&D Biosystems (Dallas, TX). SU6656 was obtained from (Tocris/R&D Biosystems).
siRNA and Plasmids-Non-targeting negative control siRNA #1 and anti-KRIT1 siRNA (AM16708, Ambion/Invitrogen) were used as reported previously (13, 14) . For TOPFlash reporter assays and VEGF enzyme-linked immunoassay (ELISA), Krit1, Ccm2, and Pdcd10 expression was knocked down using Dharmacon ON-TARGETplus siRNAs (J-003825-06, HALJF-000001, and J-004436-05, respectively) and compared with Dharmacon ON-TARGETplus non-targeting control #1 (D-001810-01, Fisher). pCDNA3.1 (Ϫ) was obtained from Invitrogen and FLAG-tagged WT ␤-catenin and dominant-negative TCF (dn-TCF) constructs were a gift from Dr. Eric Fearon (University of Michigan).
TOPFlash Reporter Assay-Reporter assays were performed using the Dual-Glo luciferase assay system (Promega, Madison, WI) as previously described (14) . Super 8x TOPFlash and FOP-Flash reporter constructs were obtained from the Randall Moon lab via Addgene (Cambridge, MA). Data were analyzed using one-way ANOVA with Dunn's multiple comparisons post-hoc testing.
VEGF ELISA-ELISA high binding plates (Fisher/Thermo Scientific) were coated with 1 g/ml of mouse anti-VEGF (R&D Biosystems) in PBS overnight at room temperature. Plates were then blocked with 300 l of blocking buffer (1% BSA in PBS) for 1 h at room temperature. After washing with wash buffer (PBS with 0.2% Tween 20), 100 l samples of conditioned medium from siRNA-transfected 60-mm plates were added to appropriate wells and incubated at room temperature for 2 h. A standard curve of recombinant VEGF from 0 to 2000 pg/ml was run alongside experimental samples. Plates were washed again and incubated with 1.2 g/ml goat anti-VEGF (R&D Biosystems) for 2 h at room temperature. After washing, streptavidin-HRP (Thermo Fisher Scientific) was added for 1 h followed by detection with 3,3Ј,5,5Ј-tetramethylbenzidine (TMB; eBioscience, San Diego, CA). Data were analyzed using one-way ANOVA with Tukey's post-hoc testing.
RNA Isolation and Semi-quantitative RT-PCR-RNA was isolated using an RNeasy Purification kit (Qiagen) or Trizol (Invitrogen) extraction according to the manufacturer's instructions. Complementary DNA was obtained with Transcriptor reverse transcriptase (Roche Applied Science) using Oligo(dT) primers (Invitrogen). Amplifications were run in a 7000 real-time PCR system (Applied Biosystems/Invitrogen) using previously published bovine, mouse, and human primer sets (14, 15) or Taqman gene expression assays (Krit1, Hs00184988; Ccm2, Hs00230191; Pdcd10, Hs00200578; Gapdh, Hs99999905, Invitrogen). Each value was calculated using the comparative Ct method (22) and normalized to Gapdh or Actb internal controls. All samples were run in at least triplicate. Data were analyzed using one-way ANOVA with Tukey's post-hoc testing.
Immunoprecipitation and Western Blotting-Lysates were prepared as reported previously (13) . As indicated, cells were treated with either VEGFR2/Fc or SU6656 for 8 h. Unless otherwise indicated, cells were treated with recombinant human VEGF (rhVEGF) for 15 min immediately before lysis. Monoclonal anti-phosphotyrosine (PTyr100), monoclonal rabbit antihuman VE-cadherin, and monoclonal rabbit anti-VEGF receptor 2 (VEGFR2) were obtained from Cell Signaling (Danvers, MA) and used at a dilution of 1:100 for immunoprecipitation and 1:1000 for Western blotting. Control lysates were immunoprecipitated with either mouse or rabbit non-immune IgG (Santa Cruz, Dallas, TX). VE-cadherin immunoprecipitated lysates were additionally probed with polyclonal rabbit anti-␤catenin or mouse anti-chicken ␤-catenin (Sigma). Phosphotyrosine precipitates were also probed with antibodies against phospho-VE cadherin Tyr-731 and Tyr-658 and phospho-␤catenin Tyr-654 and Tyr-142 (Abcam, Cambridge, MA). The secondary antibodies used were donkey anti-mouse Alexa-680 (Invitrogen) and goat anti-rabbit Dylight-800 (Fisher). An Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE) was used to image membranes and for densitometry. Data were analyzed using one-way ANOVA with Tukey's posthoc testing.
Endothelial Monolayer Leak Assay-BAECs were plated onto 3-m pore polyester transwell filters (Corning Life Sciences, Corning, NY) coated with 10 g/ml human plasma fibronectin (gift from Dr. Denise Hocking, University of Rochester). Cells were transfected at the time of plating, or for co-transfections, transfection occurred before cells were re-plated on transwell inserts. Once in the transwell, the cells were allowed to grow for 48 h at 37°C to full confluence. Cells were then incubated in DMEM with 0.1% FBS for 2 h then treated with or without 50 ng/ml VEGFR2/Fc for 8 h. Horseradish peroxidase (HRP; Sigma) was added to a concentration of 1.5 g/ml in upper wells and incubated at 37°C for an additional 2 h. The HRP content of the lower chamber medium was then measured using a TMB colorimetric assay. Briefly, 10-l samples of the lower chamber medium were transferred in triplicate to a 96-well plate. 100 l of TMB was added to each sample, and the reaction was allowed to proceed for 1 min. A standard curve of HRP from 0 to 0.5 g/ml was run alongside experimental samples. The reaction was stopped by adding 100 l of 2 N H 2 SO 4 to each well. Absorbance at 450 nm was acquired, and raw absorbance values were converted into concentrations using the standard curve. After samples were removed, the transwell filters were fixed in 4% formaldehyde (Fisher), stained with 0.25% Coomassie Blue (Bio-Rad), and examined to confirm the integrity of each cell monolayer. Data were analyzed using one-way ANOVA with Tukey's post-hoc testing.
Intravital Microscopy-KRIT1 heterozygous (Krit1 ϩ/Ϫ ) mice were obtained from Dr. Dean Li (University of Utah). These mice are on a clean C57BL/6 background after having been backcrossed 10 generations to C57BL/6NCrl. Mice were bred and maintained under standard conditions in the University of Rochester animal facility, which is accredited by the American Association for Accreditation of Laboratory Animal Care. All protocols were approved by the institutional review board. Mice were used between 8 and 12 weeks of age; littermate controls were used in all experiments.
Male wild type (WT, Krit1 ϩ/ϩ ) or KRIT1 heterozygous (Krit1 ϩ/Ϫ ) mice were anesthetized with sodium pentobarbital (65 mg/kg intraperitoneal) and maintained on supplemental anesthetic via a jugular catheter. Preparation and visualization of the cremaster muscle as well as measurement of permeability to Alexa-488 BSA (Invitrogen) was performed as previously described (15, 23) . The vascular wall P s (cm/s) is calculated from the measured flux of fluorescent label across the vessel wall over time normalized to microvessel surface area at a known BSA concentration gradient (24) . Corrections are made for the source volume and surface area due to the confocal slice (23) . Tail vein injection of 3 mg/kg SU5416 (TOCRIS/R&D Biosystems; diluted in 4% DMSO/96% corn oil; Sigma) was performed 1 h before surgery. Images were acquired from at least 17 vessel sites from 3 or more animals. Vessel sites are the appropriate determinant for n in these experiments and are treated as statistically independent. Data are given as combined microvessel permeability (arteriole and venule). Individual arteriole and venule means Ϯ S.E. are given in Table 1 . Data were analyzed using Kruskal-Wallis testing (non-parametric ANOVA) with Dunn's post-hoc testing.
Immunofluorescence and F-actin Quantitation-Cells were transfected at 80% confluence on 10 g/ml fibronectin-coated glass coverslips and allowed to grow to confluence. Cells were then fixed with 4% formaldehyde for 20 min followed by permeabilization for 5 min with 0.2% Triton X-100 and blocking with 10% normal goat serum for 1 h. Cells were then incubated with rhodamine-phalloidin (Invitrogen, 14 M) for 30 min on ice and counterstained with 1 g/ml Hoechst (Invitrogen). Images were captured at room temperature using Metamorph software (Molecular Devices, Sunnyvale, CA) with an UPL-SAPO 20x (n.a. 0.75) objective on an Olympus IX70 microscope and an ORCA-ER digital camera (Hamamatsu, Japan). Images were imported into ImageJ for further analysis. F-actin fluorescence intensity was calculated along a line scan drawn perpendicular to the main cell axis. Cortical actin along the cell edge was excluded from the analysis. Intensity values were obtained by integrating the area under the curve of the intensity histogram generated by the line scan. The area calculated was then divided by length of the line scan, yielding an average intensity value. Data were analyzed using one-way ANOVA with Tukey's post-hoc testing.
Migration Assay-An in vitro wound healing migration assay was performed as previously described (25) . Briefly, BAEC were plated on tissue culture plastic and transfected with anti-KRIT1 or negative control siRNA. A second transfection was performed 48 h later. 24 h after the second transfection an area was denuded by a rubber policeman at the center of the plate, and cells were treated with 25 ng/ml VEGFR2/Fc for 24 h. Images were taken at the time of wounding (0 h) and after 24 h, and the relative distance traveled by the cells at the acellular front was determined using ImageJ. Mitomycin C (0.5 g/ml, Sigma) was added to control wells to account for interference from the mitogenic response to wounding, which was negligible (data not shown). Data were analyzed using one-way ANOVA with Tukey's post-hoc testing. Subcellular Fractionation-Subcellular fractionation was performed as previously described (14) . Briefly, BAEC transfected with negative control or anti-KRIT1 siRNA were suspended in ice-cold hypotonic lysis buffer (20 mM HEPES-KOH, pH 7.5, 1.5 mM MgCl 2 , 5 mM KCl) for 10 min followed by needle homogenization. A portion of the resulting total cell lysate was reserved, and the remaining lysates were centrifuged at 750 ϫ g for 10 min to pellet the nuclei. The supernatant was then removed (cytosolic). The pellet was laid over a 1 M sucrose gradient, spun at 500 ϫ g, then lysed in buffer containing 1% Nonidet P-40. The total, cytosolic, and nuclear fractions were analyzed for ␤-catenin via Western blot. Nuclear and cytosolic markers (lamin A/C and RhoGDI) were analyzed to ensure fractions were not contaminated (data not shown).
Densitometry and Statistics-Densitometry was performed using the Odyssey Infrared Imaging System using within-lane background subtraction. For quantitation, blots from at least 3 individual experiments (from separate transfections) were analyzed. Each lane was then normalized to negative control siRNA values. As appropriate, phospho-VEGFR2, phospho-␤-catenin, or co-immunoprecipitated ␤-catenin values were further standardized to total immunoprecipitated VEGFR2, ␤-catenin, or VE-cadherin, respectively. Error was calculated for the ratio of experimental to negative control and subsequently for the ratio of experimental to total protein using multivariate Taylor expansion analysis.
Statistical analysis (i.e. one way ANOVA with appropriate post-hoc testing) was performed using PRISM software (Version 4.0, GraphPad Software Inc., La Jolla, CA). Significance was set at ␣ ϭ 0.05.
RESULTS

Loss of KRIT1 and PDCD10, but Not CCM2, Increases
Nuclear ␤-Catenin Signaling-Ablation of KRIT1 expression in endothelial cells causes a shift of ␤-catenin localization to the nucleus and the activation of ␤-catenin-dependent transcription (14) . To examine whether these events occurred universally downstream of loss of CCM family proteins, we transfected HPAEC with siRNAs targeting Krit1, Ccm2, and Pdcd10 (Fig. 1A) . siRNA-mediated depletion of KRIT1 and PDCD10, but not CCM2, increased activity of the ␤-catenin reporter TOPFlash (26) but not the activity of the inactive FOPFlash reporter, indicating an increase in ␤-catenin-dependent transcription (Fig. 1B) . The increase in nuclear ␤-catenin signaling corresponded with significant increases in Vegfa mRNA in both KRIT1 and PDCD10-depleted HPAEC (Fig. 1C) but not CCM2 siRNA-transfected cells. To determine whether increased Vegfa mRNA corresponded with an increase in secreted VEGF-A protein, we performed an ELISA on the conditioned medium of negative control and KRIT1 siRNA-transfected endothelial cells. Compared with negative control, medium from KRIT1-depleted cells contained significantly more VEGF-A ( Fig. 1D ). Co-transfection with dn-TCF, a suppressor of ␤-catenin-dependent gene transcription (26) , was able to reduce the concentration of VEGF-A protein ( Fig.  1D ) and Vegfa mRNA ( Fig. 1E ) in KRIT1-depleted cells down to control levels, indicating that the increase in VEGF expression was due to activation of nuclear ␤-catenin signaling.
VEGF Secreted from KRIT1-depleted Endothelial Cells Leads to VEGFR2 Activation-Secreted VEGF-A acts as an autocrine and paracrine ligand for VEGFR2 (also called KDR), a key mediator of angiogenesis and endothelial cell behavior (27) (28) (29) . As KRIT1-depleted endothelial cells chronically secrete VEGF-A, we looked to see whether KRIT1-depleted endothelial cells also exhibited increased VEGFR2 activation. VEGFR2 tyrosine phosphorylation was increased ϳ2-fold in KRIT1-depleted HPAEC versus negative control-transfected cells, an increase half that seen in control cells treated with 25 ng/ml VEGF (Fig.  2 , A-C). This increase could be inhibited in a dose-dependent manner by pretreatment with a recombinant fusion of the VEGFR2 extracellular domain and the Fc portion of human IgG (VEGFR2/Fc). Treatment with 25 ng/ml VEGFR2/Fc returned VEGFR2 phosphorylation (normalized to total VEGFR2) to near background levels, whereas enhanced VEGFR2 phosphorylation was completely blocked at 50 ng/ml (Fig. 2B) . The recombinant soluble VEGFR2/Fc chimera binds VEGF with high affinity and is a potent VEGF antagonist (30) but was unable to reverse VEGFR2 phosphorylation below background levels (NC), suggesting that the low level of VEGFR2 phosphorylation seen in control cells is not mediated by paracrine signaling. Interestingly, 25 ng/ml VEGFR2/Fc appeared to reduce both KRIT1 depletion-dependent and VEGF-dependent VEGFR2 phosphorylation to similar levels, although the initial activation was much higher in VEGF-treated cells.
These data suggest that increased VEGF expression following depletion of KRIT1 is sufficient to activate VEGFR2. However, as these experiments were performed using transient transfection of KRIT1 siRNA, we wondered whether long term KRIT1 deficiency would cause the same effect given that receptor-tyrosine kinases such as VEGFR2 are known to employ feedback mechanisms that down-regulate long term signaling (31) . We obtained WT, Krit1 knock-out (Ϫ/Ϫ), and reconstituted (9/6) MEF cell lines previously characterized by Retta and co-workers (32) . These undifferentiated cells expressed modest levels of VEGF-A and VEGFR2 (not shown and Fig. 2D ). Krit1 Ϫ/Ϫ MEFs expressed 1.5-fold higher levels of Vegfa mRNA than WT or 9/6 MEF lines (Fig. 2D) , which was similar to the increase we observed in KRIT1-depleted endothelial cells (Fig.  1C) . Importantly, Krit1 Ϫ/Ϫ MEFs also demonstrated higher VEGFR2 activation, as measured using anti-VEGFR2 phosphotyrosine 1175 antibody (Fig. 2, E and F) . We then asked whether secretion of VEGF by KRIT1-depleted cells was sufficient to initiate sustained activation of VEGFR2. Cell culture media on negative control siRNA-transfected cells was replaced with conditioned media from KRIT1 siRNA-transfected cells. VEGFR2 phosphorylation was measured over a time course from 15 min to 4 h after media replacement. Conditioned media from KRIT1-deficient cells stimulated a robust and acute activation of VEGFR2 as shown by tyrosine phosphorylation (Fig. 2G ). This activation decreased over time, but notably even 4 h post-exchange, VEGFR2 phosphorylation was still elevated over untreated control (1.57 Ϯ 0.159; Fig. 2H ). Thus, these data confirm that chronic VEGF-A overexpression can stimulate sustained VEGFR2 activation in KRIT1-deficient cells.
VEGF Signaling Contributes to KRIT1 Depletion-dependent Changes in Barrier Function, Cytoskeletal Organization, and Migration-KRIT1-deficient endothelial cells exhibit loss of barrier function (13, 16, 33) , which may reflect the pro-angiogenic potential of KRIT1 deficient cells in vivo. VEGF is known to increase the permeability of endothelial cells in vitro (Refs. 34 -36 and Fig. 3A) ; however, only under pathological conditions does VEGF/VEGFR2-driven angiogenesis occur with signs of edema or hemorrhaging (1, 37) . If KRIT1 depletion-mediated loss of barrier function were dependent on the activation of VEGFR2, we would predict that we could restore barrier function by blocking activation of VEGFR2 at the receptor level. KRIT1 siRNA-transfected endothelial monolayers were treated with 50 ng/ml VEGFR2/Fc for 8 h before performing a transwell endothelial leak assay. Treatment with VEGFR2/Fc blocked the ability of HRP (44 kDa) to cross the endothelial barrier compared with vehicle alone (Fig.   3A ). In addition, we could reverse KRIT1-siRNA-mediated permeability by co-transfecting cells with dn-TCF ( Fig. 3B) , suggesting that ␤-catenin-dependent VEGF-A expression is required for the observed loss of barrier function.
As increased VEGF-A expression and VEGFR2 activation was required for increased endothelial monolayer leak after KRIT1 depletion in vitro, we asked whether blocking VEGF signal transduction would also reverse the increase in microvascular permeability observed in Krit1 ϩ/Ϫ mice in vivo. Because VEGFR2/Fc contains human IgG sequences and would elicit an immune response in our mice, we substituted it with the VEGFR2 small molecule inhibitor SU5416 (38) for our in vivo studies. Using intravital microscopy, we examined microvessel permeability in wild type and Krit1 ϩ/Ϫ male mice treated with 3 mg/kg SU5416 or vehicle control. SU5416 had no statistical effect on wild type microvessel permeability, although it did trend slightly upward in the presence of the inhibitor (0.6 Ϯ 0.1 versus 0.82 Ϯ 0.07; Fig. 3C ). In contrast, SU5416 completely reversed the increase in permeability in Krit1 ϩ/Ϫ mice (1.54 Ϯ 0.17 versus 0.65 Ϯ 0.07; Fig. 3C ). Although vehicle alone exhibited some ability to decrease permeability, the mean was not significantly different from that in untreated heterozygous animals and came nowhere near the amount of inhibition caused by the presence of SU5416 (Fig. 3C) . Thus, blocking VEGF signaling is sufficient to prevent the disruption of the endothelial barrier in vitro and in vivo after loss of KRIT1.
Next we examined the number and intensity of stress fibers formed in KRIT1-depleted cells using rhodamine-phalloidin staining of F-actin, which has been linked to the loss of barrier function in KRIT1-depleted cells (13, 16) . As previously reported, KRIT1-siRNA transfection significantly increased the proportion of F-actin fluorescence as quantified using Image J. VEGF is also known to elicit cytoskeletal arrangement into stress fibers through Rho/Rho kinase signaling (39) . Treat- NOVEMBER 21, 2014 • VOLUME 289 • NUMBER 47 JOURNAL OF BIOLOGICAL CHEMISTRY 33059 ment of control cells with 25 ng/ml VEGF for 10 min recapitulated the actin stress fiber phenotype seen in KRIT1-depleted cells (Fig. 3D ). This prompted us to test whether the increased stress fiber formation after loss of KRIT1 is dependent on VEGF. VEGFR2/Fc treatment blocked the increase in stress fiber formation in KRIT1-depleted endothelial cells (Fig. 3, D and E) but had no effect in control cells.
KRIT1 Regulation of VEGF Signaling
VEGF/VEGFR2 activation is a potent stimulator of endothelial cell migration (Refs. 39 -41 and Fig. 3F) ; thus the activation of this signaling pathway in KRIT1-deficient endothelial cells could promote migration and contribute to the proto-angiogenic phenotype of these cells. However, the effect of KRIT1 knock-out on cell migration remains controversial, as both increased and decreased ␤1 integrin activation, a major modulator of endothelial migration, have been described in KRIT1deficient cells (42, 43) . We utilized the well characterized in vitro wound-healing assay to examine whether loss of KRIT1 promoted the migration of endothelial cells. Cells were transfected with anti-KRIT1 siRNA 24 and 48 h before wounding, and wound images were taken at time of wounding (0 h) and after 24 h. Control siRNA-transfected endothelial cells migrated to cover ϳ40% of the original wound space over the 24-h span (Fig. 3F ). However, KRIT1-depleted cells migrated to cover Ͼ50% of the wound space, a 25% increase in migration similar to that stimulated by the addition of VEGF (Fig. 3F ). VEGFR2/Fc added at the time of wounding reduced migration in KRIT1-siRNA-transfected cells to control levels (Fig. 3F ), suggesting that VEGF signaling contributes to the increase in cell migration under these conditions. VEGFR2 Activation Downstream of KRIT1 Depletion Leads to Increased ␤-Catenin Phosphorylation-Having established that VEGF signaling contributes to changes in endothelial behavior downstream of loss of KRIT1, we then wanted to explore the underlying molecular mechanism. VEGFR2 activation can disrupt the adherens junction complex by mediating the phosphorylation of adherens junction proteins (36, 44) . For example, phosphorylation of ␤-catenin at Tyr-654 disrupts the interaction of the ␤-catenin armadillo motifs with the VE-cadherin cytoplasmic domain (45, 46) , whereas phosphorylation at Tyr-142 disrupts the ␤-catenin/␣-catenin interaction (47) . Similarly, phosphorylation of the VE-cadherin cytoplasmic domain at Tyr-731 or Tyr-658 prevents binding of p120 catenin and ␤-catenin (48) . Thus we hypothesized that VEGFR2 activation could increase phosphorylation of some or all of these residues in KRIT1-depleted cells. KRIT1 siRNA transfection modestly increased the tyrosine phosphorylation of ␤-catenin on residues Tyr-654 and Tyr-142 to levels comparable to VEGF stimulation ( Fig. 4 ) while eliciting no change in the tyrosine phosphorylation of Tyr-731 and Tyr-658 of VE-cadherin (data not shown). Subsequently, Wessel et al. (49) published that VEGF is unable to increase Tyr(P)-731 in human umbilical vein endothelial cells, suggesting that this residue is not significantly affected by VEGFR2 signaling. Surprisingly, pretreatment with 25 ng/ml VEGFR2/Fc reversed tyrosine phosphorylation of Tyr-654 and Tyr-142 on ␤-catenin ( Fig. 4) . As Tyr-654 is phosphorylated by Src downstream of VEGFR2 activation (36, 46) , we also treated KRIT1-depleted cells with the Src family kinase inhibitor SU6656 (1 M). SU6656 was also able to reverse Tyr-654 phosphorylation (Fig. 4, A and B) , suggesting that phosphorylation of this residue in KRIT1-depleted cells occurs via an Src-mediated mechanism.
VEGFR2 Activation Is Not Sufficient for ␤-Catenin Dissociation from VE-cadherin-Phosphorylation of ␤-catenin at Tyr-654 and/or Tyr-142 is commonly thought to disrupt cadherin adhesion complexes (36) , although tyrosine phosphorylation of ␤-catenin can also be observed in intact cell-cell contacts (50) . In addition, VEGFR2-mediated RhoA activation is considered to be a key mediator of VEGF-induced junction disassembly (4). Previously, we had shown that loss of KRIT1 destabilized the interaction between ␤-catenin and VE-cadherin (14); thus we clearly wanted to test the dependence of this effect on VEGF signaling. We examined the association of VE-cadherin and ␤-catenin in NC and KRIT1 siRNA-transfected cells treated with and without VEGFR2/Fc. As previously shown, KRIT1 depletion reduced the association of ␤-catenin with VE-cadherin by ϳ50%, similar to the decrease observed in VEGFtreated cells (Fig. 5, A and B) . This was accompanied by a corresponding increase in nuclear-localized ␤-catenin (Fig. 5C ). VEGFR2/Fc did not significantly rescue the decreased co-immunoprecipitation of ␤-catenin and VE-cadherin in KRIT1depleted cells, although the percent of dissociation was slightly lower (Fig. 5, A and B) . ␤-Catenin translocation to the nucleus was also only partially rescued by VEGFR2/Fc treatment (Fig.  5C ). Interestingly, inhibition of Rho kinase (ROCK) by H-1152 was also unable to reverse the loss of ␤-catenin/VE-cadherin association in KRIT1-depleted cells (Fig. 5D ) despite the well established requirement for ROCK signaling in KRIT1 depletion-dependent endothelial leak (16) . These data suggest that VEGFR2 activation is only partially responsible for the loss of ␤-catenin from KRIT1-depleted cell-cell contacts and imply that stabilization of ␤-catenin/VE-cadherin binding may be the key function of KRIT1 at adherens junctions.
DISCUSSION
We previously demonstrated that loss of KRIT1 triggers dissolution of the ␤-catenin-VE-cadherin interaction, leading to increased nuclear ␤-catenin activity and increased expression of ␤-catenin-responsive genes, including Vegfa. We now show that the subsequent increase in VEGF signaling plays a key role in modifying endothelial function in KRIT1-deficient cells. The increase in Vegfa mRNA expression translates to an increase in secreted VEGF-A ( Fig. 1) that, although modest, is sufficient to increase activation of VEGFR2 in both transiently transfected cells and stable knock-out cell lines (Fig. 2) . The resulting activation of VEGFR2 contributes strongly to the loss of barrier function in both KRIT1 siRNA-transfected cells in vitro and in Krit1-deficient mice in vivo (Fig. 3 ). In addition, inhibition of VEGFR2 activation using VEGFR2/Fc reverses the increase in stress fiber formation commonly observed in CCM. The fact that under these conditions KRIT1 depletion-mediated endothelial functions appears to be VEGF-dependent may indicate that loss of KRIT1 tips cells past a threshold such that VEGFR2 signaling can now alter endothelial behavior. However, VEGF signaling was not sufficient for KRIT1 expression-dependent changes in ␤-catenin localization, as VEGFR2/Fc was unable to fully restore ␤-catenin-VE-cadherin association (Fig. 5 ). Taken together, our data define a new signaling pathway downstream of reduced KRIT1 expression and provide additional support to the idea that under quiescent conditions the main function of KRIT1 is to maintain endothelial cell-cell junctions by promoting the association of ␤-catenin with VE-cadherin.
Additionally, our study implies that KRIT1 normally acts as a negative regulator of VEGF signaling by limiting nuclear ␤-catenin. Indeed, it was recently shown that overexpression of KRIT1 limits VEGF-induced tube formation, sprout formation, and endothelial migration (51) . Notably, our data indicate that loss of KRIT1 not only releases the limiting influence of KRIT1 expression but leads to VEGFR2 activation independent of exogenous stimulation. The resultant increase in VEGFR2 activation is required for KRIT1 depletion-dependent barrier disruption, migration, and ␤-catenin phosphorylation. This strongly suggests that activation of VEGFR2 downstream of KRIT1 depletion acts as a feed-forward mechanism to exacerbate the initial effects of loss of cell-contact integrity. Importantly, this demonstrates for the first time that activation of nuclear ␤-catenin signaling is directly responsible for some of the phenotypes associated with CCM.
The stimulation of VEGF signaling in KRIT1-deficient cells is perhaps not totally unexpected given the known phenotype of KRIT1 deletion. Increased VEGF in vivo leads to a leaky, tortuous vascular network with increased neovascularization, as seen in various transgenic mouse models (18, 20, 21) . Similarly, in a Matrigel plug assay, transplantation of KRIT1-deficient cells led to increased vascular density in the plug (51), and leaky vessels are a hallmark of CCM lesions in both mice and humans (52, 53) . On the other hand, loss of KRIT1 does not merely trigger downstream signals bearing the hallmarks of the canonical VEGF signaling pathway. Like VEGF stimulation, KRIT1 depletion promotes the activation of ERK and RhoA (16, 51, 54) . However, in normal cells activation of Akt in response to VEGF is robust, yet in KRIT1-deficient cells Akt phosphorylation is actually reduced compared with control (51) . This discrepancy suggests that although cross-talk with the VEGF pathway is an important consequence of loss of KRIT1, the biochemical and biological effects of loss of this key regulator likely exceed its ability to activate VEGF signaling.
Hereditary CCM has been linked to loss of one of three CCM family proteins (Krit1, CCM2, PDCD10), which vary widely in structure, binding partners, and function. Because of this diversity, it has been difficult to identify a single signaling pathway or biological function essential to CCM pathogenesis. KRIT1 and CCM2, which directly bind to each other, clearly cooperate in at least one biochemical pathway that leads to loss of cell junction integrity and activation of RhoA (16, 54) . PDCD10 has been shown to bind to CCM2 in an overexpression system (55), but evidence for an interaction between the two endogenous proteins is lacking, and the activation of RhoA downstream of loss of PDCD10 remains controversial (54, 56) . Animal models support an independent role for PDCD10 in the regulation of vascular morphogenesis and integrity. Krit1 and CCM2 knock-out mice are phenotypically similar (57, 58) , but PDCD10-deficient mice exhibit more severe developmental vascular defects (59) . In zebrafish, PDCD10 deficiency causes heart and circulation effects distinct from those seen in Krit1 and CCM2 mutants (59) . Then again, loss of CCM2 or PDCD10, but not KRIT1, activate p38 and Akt (51, 60) , challenging the idea that loss of PDCD10 promotes CCM formation via an independent mechanism.
Our data also show for the first time that KRIT1 and PDCD10 can activate at least one common downstream signaling pathway independent of CCM2. Furthermore, we show that loss of KRIT1 increases cell migration, which has been reported in PDCD10-, but not CCM2-, deficient cells (60) . The activation of nuclear ␤-catenin signaling in both Krit1-and PDCD10depleted endothelial cells led to an increase in Vegfa mRNA. However, it is unlikely that increased VEGF expression would have the same effect on PDCD10-depleted cells that we demonstrate in KRIT1-depleted cells, as it has been reported that PDCD10 is required to stabilize VEGFR2 expression (61) . Thus, increased Vegfa expression in PDCD10 mutants could be limited to paracrine effects on the proliferation, migratory behavior, or barrier function of non-endothelial cell types. Nonetheless, ␤-catenin-dependent gene transcription is not limited to the up-regulation of Vegfa (62), leading to the possibility that KRIT1 and PDCD10 signaling can intersect in other pathways; for example, cell cycle regulation through Ccnd1 up-regulation. Clearly, there is much we still do not understand about the biochemical and cellular functions of the CCM family of proteins; thus, a unifying hypothesis regarding CCM pathogenesis remains elusive.
Finally, our study focused on the contribution of VEGF signaling to changes in endothelial behavior observed in KRIT1 depleted endothelial cells. Our work highlights the role of KRIT1 as a master regulator of endothelial cell-cell junction integrity, which includes modifying the response to growth factors such as VEGF. However, VEGF is a known regulator of pathological angiogenesis (63) ; thus the suggestion that VEGF/ KRIT1 cross-talk could have a function in the formation of CCM is an obvious one. Intermittent reports of increased VEGF expression in lesions or serum of CCM patients (64, 65) correlate nicely with our discovery that Krit1 ϩ/Ϫ mice have higher serum levels of VEGF-A (15) . However, interpretation of these clinical reports is limited by small group size and the inclusion of both sporadic and hereditary CCMs; therefore, the clinical import of VEGF signaling remains unclear.
Based on our study we envision two potential mechanisms by which enhanced VEGF signaling could contribute to CCM. First, increased VEGF/VEGFR2 activation could directly stimulate pathological angiogenesis, leading to CCM formation. This idea does not explain the apparent restriction of lesions to the central nervous system and skin (66) but correlates well with the decrease in barrier function and increase in migration seen in our study. However, Vegfa is not the only gene product affected by increasing nuclear ␤-catenin, and the complete consequence of nuclear ␤-catenin signaling on CCM formation is likely to be impacted by changes in other gene transcripts. For example, it has also been shown that loss of KRIT1 increases phosphorylation and activation of c-jun (67), a transcription factor that plays a key role in permeability in vivo (68) . Nevertheless, VEGF signaling could potentiate CCM formation and/ or increase symptomatology. Even slightly elevated VEGF serum levels could promote a pro-angiogenic environment, so any additional stimulus, whether normal or pathological, would produce a correspondingly amplified response. VEGF is also a potent permeability agent that could exacerbate the leakiness of blood vessels in the lesion, thus increasing risk of hemorrhage, a major cause of patient symptoms. Without additional studies, it remains unclear whether the present Food and Drug Administration-approved anti-VEGF therapies would constitute effective treatments for CCM. Future studies to determine whether inhibition of VEGFR2 signaling is sufficient to block CCM formation in vivo will be an important next step.
